By proteolytic modification of low abundant signaling proteins and membrane receptors, proteases exert potent posttranslational control over cell behavior at the postsecretion level. Hence, substrate discovery is indispensable for understanding the biological role of proteases in vivo. Indeed, matrix metalloproteinases (MMPs), long associated with extracellular matrix degradation, are increasingly recognized as important processing enzymes of bioactive molecules. MS is now the primary proteomic technique for detecting, identifying, and quantitating proteins in cells or tissues. Here we used isotopecoded affinity tag labeling and multidimensional liquid chromatography inline with tandem MS to identify MDA-MB-231 breast carcinoma cell proteins shed from the cell surface or the pericellular matrix and extracellular proteins that were degraded or processed after transfection with human membrane type 1-MMP (MT1-MMP). Potential substrates were identified as those having altered protein levels compared with the E240A inactive MT1-MMP mutant or vector transfectants. New substrates were biochemically confirmed by matrix-assisted laser desorption ionization-time-of-flight MS and Edman sequencing of cleavage fragments after incubation with recombinant soluble MT1-MMP in vitro. We report many previously uncharacterized substrates of MT1-MMP, including the neutrophil chemokine IL-8, secretory leukocyte protease inhibitor, pro-tumor necrosis factor ␣, death receptor-6, and connective tissue growth factor, indicating that MT1-MMP is an important signaling protease in addition to its traditionally ascribed roles in pericellular matrix remodeling. Moreover, the high-throughput and quantitative nature of isotope-coded affinity tag labeling combined with tandem MS sequencing is a previously undescribed degradomic screen for protease substrate discovery that should be generally adaptable to other classes of protease for exploring proteolytic function in complex and dynamic biological contexts. I n all living organisms, proteases exert high-order posttranslational control over a diverse range of cellular functions. Altered protease expression and substrate proteolysis are pivotal elements in the pathogenesis of many diseases (1) with 53 hereditary genetic diseases of proteolysis recognized (2). Indeed, proteases represent Ϸ10% of current drug targets (3). Elucidating the substrate repertoire of a protease is critical to understanding its biological role, but given the large number of proteases (Ͼ553) present in the human genome (2), this is a daunting task. Innovative approaches using combinatorial or positional scanning libraries of fluorogenic (4) and inhibitory peptides (5) and oriented (6) and phage display (7) peptide libraries can determine consensus protease cleavage sequences. However, bioinformatic identification of proteins containing these sequences followed by biochemical and in vivo validation of proteolytic susceptibility has led to the identification of relatively few biologically relevant new substrates. This is not surprising, because the majority of substrates in vivo are proteins and not peptides. Moreover, substrates must colocalize with proteases, spatially and temporally. Although useful, these techniques are inherently limited in their power, because they do not consider the influence of protein conformation, posttranslational modification, protease exosites, and substrate availability in vivo (8). Serial analysis of protein libraries and exosite scanning by yeast two-hybrid screens, although time consuming, have proven effective in identifying new protein substrates (9). Nonetheless, because proteases do not operate alone but more commonly in amplification cascades or regulatory circuits in the presence of a multitude of interacting proteins, substrates, and cleavage products, and often in distinct compartments, biologically relevant protease substrates in vivo may differ from theoretical activities inferred from in vitro experiments. In the face of such biochemical complexity, this emphasizes the need to identify protease-cleaved substrates and not just enzyme activities in cells, tissues, and whole organisms (10, 11). Thus, rapid techniques are needed to directly identify new substrates in biological settings and to quantitate differences in substrate processing as disease biomarkers and as surrogate markers of antiproteolytic drug treatment (3).
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n all living organisms, proteases exert high-order posttranslational control over a diverse range of cellular functions. Altered protease expression and substrate proteolysis are pivotal elements in the pathogenesis of many diseases (1) with 53 hereditary genetic diseases of proteolysis recognized (2) . Indeed, proteases represent Ϸ10% of current drug targets (3) . Elucidating the substrate repertoire of a protease is critical to understanding its biological role, but given the large number of proteases (Ͼ553) present in the human genome (2) , this is a daunting task. Innovative approaches using combinatorial or positional scanning libraries of fluorogenic (4) and inhibitory peptides (5) and oriented (6) and phage display (7) peptide libraries can determine consensus protease cleavage sequences. However, bioinformatic identification of proteins containing these sequences followed by biochemical and in vivo validation of proteolytic susceptibility has led to the identification of relatively few biologically relevant new substrates. This is not surprising, because the majority of substrates in vivo are proteins and not peptides. Moreover, substrates must colocalize with proteases, spatially and temporally. Although useful, these techniques are inherently limited in their power, because they do not consider the influence of protein conformation, posttranslational modification, protease exosites, and substrate availability in vivo (8) . Serial analysis of protein libraries and exosite scanning by yeast two-hybrid screens, although time consuming, have proven effective in identifying new protein substrates (9) . Nonetheless, because proteases do not operate alone but more commonly in amplification cascades or regulatory circuits in the presence of a multitude of interacting proteins, substrates, and cleavage products, and often in distinct compartments, biologically relevant protease substrates in vivo may differ from theoretical activities inferred from in vitro experiments. In the face of such biochemical complexity, this emphasizes the need to identify protease-cleaved substrates and not just enzyme activities in cells, tissues, and whole organisms (10, 11) . Thus, rapid techniques are needed to directly identify new substrates in biological settings and to quantitate differences in substrate processing as disease biomarkers and as surrogate markers of antiproteolytic drug treatment (3) .
Proteomics offers the potential to identify protease substrates in complex biological samples in a system-wide approach that has been termed ''degradomics'' (12) . However, apart from isolated reports (13) , proteomic approaches for protease substrate identification have not been widely developed. In part, this may be due to difficulty in relating cleavage products with parent protein spots on 2D gels or to MS spectral peaks. Difficulties in quantification also hinder comparative analyses. Recently, techniques have been developed that incorporate stable isotopes into proteins by metabolic or posttranslational labeling (reviewed in ref. 14) , thereby allowing MS quantification of the relative amounts of protein present in two samples (15) . In isotope-coded affinity tag (ICAT) labeling (16) , proteins in two samples that are to be compared are reduced and labeled by reductive alkylation of cysteines by using biotin-tagged reagents that are chemically identical but that differ in isotopic composition and mass. The two isotopically distinct labeled protein samples are then combined and thereafter treated identically, enabling quantitative comparisons to be made. Tryptic peptides are prepared, and the biotin-tagged cysteine-containing peptides only are avidin column purified for mass determination. Spectral peak analysis of the isotopically resolved identical peptides from the two sources enables relative quantitation. These proteins are then identified by tandem MS (MS͞MS) sequencing in an iterative approach. ICAT has been recently refined by labeling with [ 13 C] 9 to avoid the slight alteration in hydrophobicity occurring in deuterium-labeled peptides and by the use of cleavable linkers to remove the biotin moiety after elution.
Matrix metalloproteinase (MMP)-14, or membrane type (MT)1-MMP, is one of 23 members of an important protease family historically associated with the cleavage of extracellular matrix proteins (17) . MT1-MMP is constitutively activated by furin processing, is essential for normal growth and development (18) , and is up-regulated in cancer and arthritis (19) . MT1-MMP degrades fibrillar collagen and fibronectin (20, 21) and activates MMP-2 (gelatinase A) (22, 23) , which is also heavily implicated in cancer metastasis. However, like most proteases, the breadth of potential in vivo substrates and biological role of MT1-MMP are largely unknown. This is important to address because, of all MMP gene knockouts, only the MT1-MMP Ϫ/Ϫ mouse exhibits strong developmental abnormalities (18) .
Here we have developed a functional proteomic screen to identify new protease substrates in cell cultures. We hypothesized that the levels of individual proteins in conditioned culture medium would be differentially altered after cell transfection with MT1-MMP and thus would be amenable to ICAT and MS͞MS identification. After proteolysis, secreted proteins may be reduced in amount if degraded or processed and subsequently cleared after reductions in stability, and other proteins may increase in quantity if proteolytically shed from the cell surface or released from the pericellular matrix. We report that ICAT is applicable to the proteomic analysis of proteolytic activity in complex cellular systems with the identification of multiple previously undescribed signaling molecules as substrates of MT1-MMP.
Experimental Procedures
Cell Culture. Human MDA-MB-231 breast carcinoma cells stably transfected with FLAG-tagged human MT1-MMP, a catalytically inactive MT1-MMP mutant (E240A) in which the active-site Glu is replaced, or pCR3.1 vector alone under G418 selection were as described (21) . MT1-MMP expression was confirmed by Western blotting and flow cytometry. MT1-MMP activity was confirmed by zymographic analysis of MMP-2 activation when the transfected cells were incubated with human proMMP-2 expressed from Timp2 Ϫ/Ϫ cells (23) .
For protein analysis, confluent transfected MDA-MB-231 cells were grown in DMEM, 10% FBS, and G418 (1 mg͞ml), washed with PBS, and incubated in DMEM alone to eliminate serum contamination. After 48 h, the medium was replaced with DMEM and ascorbic acid (50 g͞ml). The conditioned medium was harvested (48 h), protease inhibitors (6.7 M EDTA, 1 mM PMSF, 10 M leupeptin, and 1 M pepstatin A) were immediately added, and the conditioned medium clarified by centrifugation (30 min, 1,000 ϫ g) and filtration (0.22 m). Amicon stirred cells and Centripreps (3-kDa cutoff, Millipore) were used to concentrate proteins 100-200ϫ.
ICAT Labeling, Chromatography, and MS͞MS. Conditioned medium proteins (100 g) from MT1-MMP transfectants were labeled with isotopically heavy [ 13 C] 9 -cleavable ICAT reagent (Applied Biosystems) (2 h, 37°C) for comparison with proteins from vector control or the E240A inactive MT1-MMP mutant-transfectant conditioned medium, which were labeled with the light [ 13 C] 0 -ICAT reagent. Sample pairs were combined (MT1-MMP͞vector or MT1-MMP͞ E240A), trypsin digested (18 h, 37°C), and fractionated on a cation-exchange column (4 ϫ 15 mm) by elution with 350 mM KCl, pH 3.0, to remove the trypsin and free label. Labeled peptides were purified by using an avidin-affinity column (4 ϫ 15 mm) and eluted with 20% acetonitrile͞0.4% trifluoroacetic acid (TFA). Dried samples were incubated in 95% TFA (2 h, 37°C) to cleave the biotin tag from the ICAT-labeled peptides. The biotin tab was then cleaved with 95% TFA. Samples were fractionated by multidimensional liquid chromatography (MD-LC), first on a 500-m i.d. ϫ 15 mm BioX-SCX column (LC Packings, Sunnyvale, CA) and eluted as 50-l fractions (25, 50, 75 , 100, 150, 200, 250, 500, 1,000, or 2,000 mM ammonium acetate, pH 4.0). Eluted peptides were concentrated and desalted on a 300-m i.d. ϫ 1 mm PepMap nanotrapping column before loading onto a 75-m i.d. ϫ 15 cm PepMap nanoseparation column. Peptides were then fractionated by using an acetonitrile gradient (0-64%, 35 min) before entering the nanospray ionization source (New Objective, Woburn, MA). MS analysis of the separated peptides was performed by using a QStar PulsarI mass spectrometer (MDS-Sciex, Thornhill, ON, Canada). MS͞MS fragmentation (2 s, 65-1,800 m͞z) was performed on three of the most intense ions, as determined from a 1-s survey scan (300-1,500 m͞z). ICAT ratios of isotopically heavy 13 C 9 -to light 13 C 0 -labeled tryptic peptides were determined by using PROICAT (Applied Biosystems) software and averaged for multiple peptides derived from a single parent protein. Using MASCOT (Matrix Science), proteins were identified from peptide sequences queried against the National Center for Biotechnology Information nonredundant protein database with human sequence filtering. Labeling and analysis were performed three times at the Genome BC Proteomic Centre (Victoria, BC, Canada).
Protease and Substrates. Soluble (s) human MT1-MMP lacking the transmembrane and cytoplasmic tail was expressed and purified (21) . Human IL-8, growth-related oncogene (GRO)-␣, and GRO-␥ were chemically synthesized and purified (24) . Human secretory leukocyte protease inhibitor (SLPI) (ICN) and human death receptor-6 fused via a Factor Xa site to the Fc region of IgG (R & D Systems) were purchased. Human connective tissue growth factor (CTGF) was a kind gift from D. Brigstock (Ohio State University, Columbus). Human pro-tumor necrosis factor (TNF)␣ fused to GST and a hydroxamate MMP inhibitor, BB2116, were provided by British Biotech (Oxford). Human tissue inhibitor of metalloproteinases (TIMP)-1 and -2 were expressed and purified (25) . Monoclonal antibodies against human fibronectin (MAB1891, Chemicon) and death receptor-6 (MAB1441, R & D Systems) were purchased.
Assays. Recombinant and synthetic proteins were incubated with sMT1-MMP in 50 mM Tris⅐HCl͞200 mM NaCl͞5 mM CaCl 2 ͞ 3.8 mM NaN 3 ͞0.05% Brij 35, pH 7.4, for 18 h at 37°C. Reaction products were separated by Tris-glycine or -tricine SDS͞PAGE and stained by Coomassie R-250 or Western blotted. The mass and sequence of the cleavage products were determined by matrixassisted laser desorption ionization-time-of-flight (MALDI-TOF) MS and N-terminal Edman sequencing, respectively. Results MT1-MMP Expression. FLAG-tagged MT1-MMP and the 44-kDa form were detected on transfected cells ( Fig. 1 A and B) , which activated exogenous proMMP-2 (Fig. 1C) , confirming the presence of active MT1-MMP on the cell surface. Vector transfectants expressed only very low levels of endogenous MT1-MMP (Fig. 1B) . No secreted active MMPs were detected by using a general MMPquenched fluorescent substrate (25) (data not shown).
ICAT and MD-LC MS͞MS Analysis. In comparing the relative abundance ratios of ICAT-labeled peptides from MT1-MMP transfectants with those from the vector or E240A MT1-MMP controls, we hypothesized that those proteins with an average labeled-peptide ICAT ratio Ͻ1.0 (MT1-MMP͞control) had undergone MT1-MMP-mediated degradation or processing that triggered clearance; proteins with ratios Ͼ1.0 were hypothesized to have been shed from the cell membrane or pericellular matrix by MT1-MMP activity. Although ICAT is sensitive and highly reproducible (14) , to reduce the probability of false positives, we analyzed only proteins with ICAT ratios Ͻ0.5 or Ͼ1.5, which typically numbered from 100 to 150 identified proteins. Without inline MD-LC fractionation, the number of proteins so identified was reduced to Ͻ100. Intracellular proteins were not further considered. A selective list of the biologically interesting proteins that may be potential MT1-MMP sub-strates was generated from the two data sets (Table 1) based on deduced roles in pathology and embryonic development. These included protease inhibitors (SLPI and skin-derived antileukoproteinase), chemokines (IL-8, GRO-␣, GRO-␥, and macrophage migration inhibitory factor), cytokines (TNF␣, CTGF), cell receptors (death receptor-6, neuropilin-1), latent transforming growth factor-binding protein-4S, and complement component-3. Extracellular matrix proteins (fibronectin, epidermal growth factorcontaining fibulin-like extracellular matrix protein-1) and shed MT1-MMP and proMMP-1 (collagenase-1) were also elevated in the MT1-MMP cell-conditioned medium.
Chemokine Processing. To test the hypothesis that ICAT can identify potential protease substrates, we biochemically analyzed a number of the proteins from Table 1 for cleavage by sMT1-MMP using recombinant or synthetic proteins as substrates. Because chemokines are a recently recognized class of MMP substrates (9, (26) (27) (28) , it was of interest that the chemokines IL-8, GRO-␣, and GRO-␥ showed decreased levels on MT1-MMP expression. N-terminal sequencing confirmed the proteolytic removal of the first five residues of IL-8 by sMT1-MMP in vitro to generate a truncated form beginning with the sequence SAKELR ( Fig. 2A) . However, SDS͞PAGE and MALDI-TOF MS showed no change in mass for GRO-␣ and -␥ after incubation with sMT1-MMP (Fig. 2B) . Complement component-3, which displayed a similar ICAT ratio to GRO-␥ (Table 1) , was also not susceptible to MT1-MMP proteolysis in vitro (data not shown), revealing that MT1-MMP expression can decrease the levels of these proteins by indirect means.
Sheddase Activity. Levels of the secretory leukocyte protease inhibitor, SLPI, were greatly increased on MT1-MMP expression (Table 1 ). Biochemical assays revealed that sMT1-MMP cleaved SLPI in a TIMP-2-inhibitable manner to generate a single 12.3-kDa product with an N terminus of SGKSFKA (Fig. 2C ). This sequence is identical to the intact inhibitor, and so cleavage occurred near the C terminus, which may release the cleaved SLPI from association with the cell layer proteins. Medium levels of fibronectin, a known substrate of sMT1-MMP (20) , were also significantly elevated upon MT1-MMP expression ( Table 1 ), implying that MT1-MMP may shed fibronectin from the cell surface. This was confirmed by gelatinSepharose affinity purification and quantitation of fibronectin from the conditioned medium of the transfectants (Fig. 3A) . Fibronectin shedding was inhibited by adding TIMP-2 but not -1 to the cultures. Because TIMP-1 spares MT1-MMP in its inhibitory profile, this confirms the specific requirement for MT1-MMP activity in the proteolytic release of fibronectin from the cell surface. Shed immunoreactive protein migrated with the expected molecular mass (220 kDa ϩ DTT) of the full-length protein (Fig. 3A) ; cleaved fibronectin fragments were never observed in the conditioned medium; and the ICAT-labeled peptides 67 (Table 1) , which are proximal to the N and C termini of the molecule, displayed similar abundance ratios to the other fibronectin peptides. This indicates that the solubilized form of fibronectin is intact and that overexpressed MT1-MMP did not appear to degrade fibronectin in a cellular context, despite its activity on this protein in biochemical assays (Fig. 3B) . Although processing of fibronectin cannot be discounted as a shedding mechanism, this indicates that cleavage of a fibronectin-binding cell surface molecule by MT1-MMP is the mechanism for release.
Death receptor-6 is a member of the TNF receptor family and consists of a 350-residue ectodomain and a cytoplasmic death domain (29) . Using a death receptor-6 fusion protein, DR6͞Fc, as a substrate for in vitro assays with sMT1-MMP, we found loss of intact protein and generation of two immunoreactive fragments at 55 and 50 kDa (Fig. 3C) . To verify that cleavage occurred within the ectodomain and not the Fc region, DR6͞Fc was first treated with Factor Xa to cleave a susceptible site between the ectodomain and the Fc region. Upon incubation with sMT1-MMP in vitro, a 25-kDa product was generated from the 40-kDa ectodomain confirming susceptibility of DR6 to MT1-MMP proteolysis (Fig. 3D) .
Cytokine Substrates. The inflammatory cytokine, TNF␣, had a MT1-MMP͞vector ICAT ratio of 1.29 that indicated shedding to the medium. Although this was below our arbitrary 1.5 ICAT ratio cutoff, proTNF␣ can be shed by MMP-7 (30) . Therefore, the susceptibility of proTNF␣ to sMT1-MMP processing was investigated by using a proTNF␣͞GST fusion protein as substrate. This was cleaved by sMT1-MMP to generate a product corresponding to the correct size of mature TNF␣ (Ϸ16 kDa) (Fig. 4A) . N-terminal sequencing revealed that, in addition to cleavage at the Ala-76OVal-77 bond, which generates the fully active TNF␣, three other bonds in close proximity in the proregion of TNF␣ were also processed by sMT1-MMP in vitro (Fig. 4A) .
Last, we analyzed CTGF, a member of the CCN (CTGF͞ cysteine-rich 61͞nephroblastoma overexpressed) family of extra- cellular matrix-associated signaling molecules (31) for cleavage by sMT1-MMP. Three distinct lower molecular mass fragments were generated (Fig. 4B) . Sequencing of the 17.5-and 16.2-kDa sMT1-MMP cleavage products revealed an identical N terminus, YRLEDT, corresponding to cleavage at the Ala-181OTyr-182 bond (Fig. 4B) .
Discussion
High-throughput protein quantitation and identification by ICAT and MD-LC MS͞MS are powerful techniques that we have adapted for the proteomic investigation of protease function and substrate discovery in a dynamic cellular milieu. In MDA-MB-231 cells, we specifically identified a number of proteins that were biochemically confirmed as novel substrates of MT1-MMP, thereby validating the utility of ICAT MD-LC MS͞MS for substrate discovery in cellbased systems. The majority of substrates discovered to date have been from serial approaches using available proteins or hypothesisdriven intuition using time-consuming biochemical and genetic approaches or peptide libraries and bioinformatics (12) . The alternative of using proteomic techniques to screen for novel protease substrates is advantageous because of its coverage on a system-wide scale, speed, and resolution of even complex biological samples. However, to date there have been few proteomic studies except for using 2D-PAGE and stable isotope dilution (13) . In comparison to gel-based analyses, LC MS approaches provide more extensive and rapid proteome coverage, the abundance of isotopically labeled peptides can be quantitated, and cell membrane proteins are amenable for MS analysis (reviewed in ref. 14) . Nonetheless, protein abundance sets detection limits, and until improvements are made in sample preparation and chromatography before MS, it is not yet possible to localize cleaved substrates or to analyze whole tissues by ICAT because of the added sample complexity and variability. Moreover, differences in protein abundance as measured by ICAT must be interpreted with caution; some cleaved substrates may not change levels, and as we have found the levels of some uncleaved proteins may alter just by expression of the transfected gene, an important caveat for interpreting any study using protease-transfected cells. Thus, ICAT and MD-LC MS͞MS should be considered as a screen for potential protease substrates that must be confirmed biochemically and in vivo when possible but that offers general applicability to other protease classes for functional proteomic investigation of protease function in complex samples.
The pool of potential substrates available to MT1-MMP expressed in MDA-MB231 cells will contain overlapping candidates with normal mammary epithelium as well as unique targets. The majority of proteins identified as potential MT1-MMP substrates were not extracellular matrix molecules. Rather, the levels of a variety of signaling proteins were specifically modulated on expression of MT1-MMP. Of these, IL-8, GRO-␣, and GRO-␥ are important for the regulation of leukocyte migration during wound healing (32, 33) . MT1-MMP is also known to participate in wound healing and is expressed by monocytes. IL-8, GRO-␣, and GRO-␥ belong to the subgroup of CXC chemokine family members that contain the ELR motif near the N terminus, which is essential for neutrophil chemotactic activity (34) . MT1-MMP processing of IL-8 removes the first five residues, which is more active than the untruncated form. In contrast to MMP-9, which processes a different site in IL-8 and also GRO␣ (28), MT1-MMP does not cleave GRO-␣ or -␥, demonstrating selective susceptibility of CXC chemokines to MMP cleavage. Therefore, the reduction in the levels of these chemokines appears to be an indirect upstream response to the expression of MT1-MMP but biologically may be as important a consequence of MT1-MMP activity.
A number of protease inhibitors, including the plasma serine protease inhibitor SLPI, are also essential for normal wound repair. SLPI suppresses monocyte MMP production and is resistant to neutrophil collagenase (35) . Here, ICAT identified SLPI as a potential MT1-MMP substrate, which we biochemically confirmed was processed near its C terminus. Because the inhibitory site of SLPI lies within the C domain (36) , this reveals a previously undescribed intersection between the serine and metalloproteases in which the activity of a serine protease inhibitor is predicted to be abrogated on MT1-MMP proteolysis.
Expression of recombinant proteases may occur at levels greater than that seen in some normal tissues, thereby favoring proteolysis of less preferred or low abundant substrates. Although sMT1-MMP can degrade fibronectin in vitro, we found that in cell culture, MT1-MMP activity led only to the shedding of intact fibronectin from the MDA-MB-231 cell surface, suggesting that the levels of the recombinant MT1-MMP expressed were not artificially extreme or generated cleavage artifacts. This result not only highlights the importance of biochemically confirming proteomic data but equally important is the biological validation of biochemically determined proteolytic activity with cell-based and in vivo studies at the genetic or proteomic levels. Although the mode of fibronectin release is not clear, it has been reported that MT1-MMP degrades transglutaminase, a fibronectin coreceptor, thereby reducing both the adhesion and migration of cells on fibronectin (37) .
We also found that MT1-MMP cleaved the ectodomain of death receptor-6, a transmembrane receptor that regulates apoptosis through its cytoplasmic death domain and activation of the TRADD͞FADD͞caspase-8 pathway (29) . Although the purpose of our study was to develop a novel proteomic approach for protease substrate discovery and not to fully explore here the biological ramifications of the cleavage of newly identified substrates, it is reasonable to hypothesize that MT1-MMP proteolysis of the ectodomain may regulate death receptor-6 signaling and apoptosis. Ligands that bind death receptor-6 belong to the TNF family of cytokines, one of which, TRANCE, is cleaved by MT1-MMP (38) . Although ADAM-17 is the enzyme thought to be primarily responsible for the generation of mature TNF␣ from a membrane-bound precursor, particularly under lipopolysaccharide (LPS) stimulation (39, 40) , MMP-7 can also process TNF␣ (30) . Here, we extend the repertoire of MMPs that can cleave proTNF␣ by showing that MT1-MMP cleaves at the Ala-76OVal-77 bond within the proregion of TNF␣ to generate mature fully active TNF␣, a potentially important mechanism in non-LPS-induced inflammation.
CTGF was also identified as a potential MT1-MMP substrate by ICAT that we then showed was cleaved by sMT1-MMP in vitro at the Ala-181OTyr-182 bond. This site is within the linker that connects the insulin-like growth factor-binding protein domain and von Willebrand factor type-1C domain of CTGF with the thrombospondin-1 and C-terminal domains (Fig. 3B) . Cleavage here potentially disengages matrix-binding domains from the signaling functions of CTGF, leading to release from the cell layer. Hashimoto et al. (41) also recently described CTGF cleavage by soluble MMPs 1, 3, 7, and 13 at Met-194-Ile-195 within the CTGF linker, with a minor cleavage site at Ala-181-Tyr-182. CTGF is unstable in vivo, being converted into low molecular mass forms (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) by an unidentified protease (42) . Interestingly, conditioned medium from serum-stimulated mouse fibroblasts did not degrade CTGF (43) , suggesting that a cell surface protease was responsible for CTGF processing. These results are consistent with our data demonstrating that the cell surface MT1-MMP can process CTGF in cell culture to generate Ϸ17-kDa fragments.
The substrates identified here reveal that MT1-MMP may be an important cell signaling protease and add to recent studies describing new MMP substrates that are redefining our outlook of the biological role of this protease family (12) . Traditionally, MMPs have been viewed as enzymes of catabolism being primarily involved in the degradation and turnover of the extracellular matrix (17) . MMPs are now known to process a diverse range of extracellular proteins other than those of the matrix (44) . Like many proteases, MMPs regulate and refine many aspects of protein function, including activity, localization, shedding, exposure of cryptic binding sites, and release of neoproteins thereby achieving precise control over many cell processes. Thus, elucidating the substrate repertoires or degradomes of proteases is essential for understanding their in vivo roles. By establishing the physiological function of a protease, its role in pathology can be more readily ascertained. This in turn is a necessary prerequisite for drug target validation. No one technique will provide complete coverage of the protease substrate landscape, but overall MD-LC ICAT MS͞MS provides a powerful functional degradomic approach that renders the quantitative analysis of proteolysis in defined cell cultures feasible, and one that should be generally applicable to elucidate the biological role of other proteases.
